Through a combination of fluorescence microscopy and patch-clamp analysis we have identified a striking alteration in K + channel expression in terminally differentiated human CCR7 -CD45RA -effector memory T lymphocytes (T EM ). Following activation, T EM cells expressed significantly higher levels of the voltage-gated K + channel Kv1.3 and lower levels of the calcium-activated K + channel IKCa1 than naive and central memory T cells (T CM ). Upon repeated in vitro antigenic stimulation, naive cells differentiated into Kv1.3 high IKCa1 low T EM cells, and the potent Kv1.3-blocking sea anemone Stichodactyla helianthus peptide (ShK) suppressed proliferation of T EM cells without affecting naive or T CM lymphocytes. Thus, the Kv1.3 high IKCa1 low phenotype is a functional marker of activated T EM lymphocytes. Activated myelin-reactive T cells from patients with MS exhibited the Kv1.3 high IKCa1 low T EM phenotype, suggesting that they have undergone repeated stimulation during the course of disease; these cells may contribute to disease pathogenesis due to their ability to home to inflamed tissues and exhibit immediate effector function. The Kv1.3 high IKCa1 low phenotype was not seen in glutamic acid decarboxylase, insulin-peptide or ovalbumin-specific and mitogen-activated T cells from MS patients, or in myelin-specific T cells from healthy controls. Selective targeting of Kv1.3 in T EM cells may therefore hold therapeutic promise for MS and other T cell-mediated autoimmune diseases.
of the chemokine receptor CCR7 and the phosphatase CD45RA (24, 25) . Naive (CCR7 + CD45RA + ) and T CM (CCR7 + CD45RA -) cells require antigen priming in lymph nodes before they migrate to inflammatory sites, whereas terminally differentiated T EM cells (CCR7 -CD45RA -) rapidly enter inflamed tissues, produce copious amounts of IFN-γ and IL-4, and exhibit immediate effector function. Here we demonstrate that the Kv1.3 high IKCa1 low channel phenotype is found exclusively in activated human T EM cells, whereas naive and T CM cells remain Kv1.3 low and upregulate IKCa1 upon activation. Myelin-reactive T cells from MS patients are predominantly T EM cells and exhibit the Kv1.3 high IKCa1 low channel pattern after activation with myelin antigens, suggesting that they have undergone multiple rounds of antigenic stimulation during the course of disease. A high-affinity Kv1.3 inhibitor specifically suppressed proliferation of T EM cells at picomolar concentrations without persistently affecting the function of naive or T CM lymphocytes. Selective inhibition of Kv1.3 channels in T EM cells may therefore be a potential approach for therapy of MS and other T cell-mediated autoimmune disorders.
Methods

Patients. T cells from 20 MS patients (defined according to
McDonald criteria) and six healthy volunteers were used in this study. None of the patients had received immunotherapy and none was receiving primary treatment at the time blood was drawn. The clinical features of the patients are shown in Table 1 .
Generation of T cell lines. T cell lines (TCLs) specific for myelin basic protein (MBP; 10 µg/ml), proteolipid protein (PLP) peptide 139-151 (5 µg/ml), myelin oligodendrocyte glycoprotein (MOG) peptide 35-55 (5 µg/ml), tetanus toxoid (TT; 10 µg/ml), glutamic acid decarboxylase 65 (GAD65) peptide 555-567 (5 µg/ml), insulin B peptide 9-23 (5 µg/ml), and chicken ovalbumin peptide 323-339 (5 µg/ml) were generated according to a previously described split-well assay (26) . MBP was obtained from Sigma-Aldrich (St. Louis, Missouri, USA), PLP and MOG from Mixture Sciences Inc. (San Diego, California, USA), TT from the University of Massachusetts Toxicology Laboratory (Cambridge, Massachusetts, USA), and GAD65, insulin peptide, and ovalbumin from Bachem Bioscience Inc. (King of Prussia, Pennsylvania, USA). Briefly, whole blood samples, or in some cases leukapheresis samples (All Cells Inc., San Francisco, California, USA), were collected from consenting healthy subjects or patients with MS according to a protocol approved by the University of Maryland Institutional Review Board. PBMCs, isolated by density gradient centrifugation as described (27) , were cultured in Iscove's modified Dulbecco's medium supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 50 µg/ml gentamicin (BioWhittaker Inc., East Rutherford, New Jersey, USA) and 5% human serum (Sigma-Aldrich). Cells were seeded at 2 × 10 5 cells/well (200 µl/well) in round-bottom 96-well plates (Corning-Costar Corp., Cambridge, Massachusetts, USA) and cultured at 37°C in the presence of antigen. IL-2 (20 U/ml, courtesy of NIH, Biological Resources Branch) was added on day 7. At day 14, onehalf of the contents of each well was used to set up daughter plates to test for antigen-specific proliferation. Duplicate wells were cultured with or without antigen and fresh medium containing 1 × 10 5 irradiated autologous PBMCs. Cells were cultured for 3 days, and 1 µCi of [ 3 H]thymidine ([ 3 H]TdR) (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) was added to each well for the last 16 hours of culture. Cells were harvested onto filters and incorporation of [ 3 H]TdR was quantified on a Betaplate (PerkinElmer Life Sciences, Boston, Massachusetts, USA). Parallel parent plates were also restimulated in the same manner. TCLs from parent wells with a stimulation index greater than two on day 7 after restimulation (21 total days in culture), as identified in matched daughter plates, were studied by FACS analysis. Short-term TCLs were stimulated three times with antigen at regular 7-day cycles, while longer-term TCLs were stimulated seven, ten, or twelve times. Shortterm TCLs were 80-90% CD4 + and long-term TCLs were 100% CD4 + . The average stimulation index was 4.9 ± 0.9 (SD) for the myelin antigen-reactive TCLs and 3.7 ± 0.2 for the TT-reactive TCLs. Previous studies using the split-well assay have demonstrated that with antigens that have a low precursor frequency, such as MBP, the likelihood of having clones in a single well is high (28) .
Isolation of CD4 + or CD8 + T cells from peripheral blood. CD4 + and CD8 + T cells were isolated from peripheral Kv1.3 and IKCa1 channel numbers per cell were determined by dividing the whole-cell Kv1.3 or IKCa1 conductance by the single-channel conductance value for each channel (Kv1.3, 12 pS; IKCa1, 11 pS) (15, 29) . Cell capacitance, a direct measure of cell surface area, was constantly monitored during recording. Resting (unstimulated) T cells had membrane capacitances below 2 pF (cell diameter less than 7 µm), while activated cells had membrane capacitances greater than 4 pF (cell diameter greater than 11 µm). To normalize for cell size, we determined Kv1.3 and IKCa1 channel densities per µm 2 cell surface area by dividing the average channel number/cell by the average cell surface area determined from capacitance measurements (1 pF = 100 µm 2 ).
CD4 + short-term and long-term TCLs specific for MBP, PLP, MOG, or TT, from MS patients or healthy volunteers (control subjects), were patch clamped before or 48 hours after stimulation with antigen. CD4 + or CD8 + peripheral blood T cells from healthy volunteers or MS patients were also analyzed before or 48 hours after stimulation with either 50 ng/ml anti-CD3 mAb (Biomeda Corp., Hayward, California, USA) in the presence of autologous irradiated PBMCs (25 Gy) or with a combination of 10 nM PMA and 175 nM ionomycin. In all experiments T cells were distinguished from irradiated APCs by their staining, size, and undamaged appearance. Statistical differences in channel number/cell or channel density were determined by Student t test.
Immunostaining and electrophysiology. Channel expression was studied in single CD4 + naive (CCR7 + CD45RA + ), T CM (CCR7 + CD45RA -), or T EM (CCR7 -CD45RA -) cells. Cells were stained for CCR7 and CD45RA on ice in RPMI medium (supplemented with 10% FCS) with mouse anti-human CCR7 mAb (2H4, Pharmingen) followed by FITC-conjugated rat anti-mouse IgM mAb (R6-60.2, Pharmingen). After blocking with 20% mouse serum, cells were stained with PE-conjugated anti-human CD45RA mAb (HI100, Pharmingen). Cells were washed, put on poly-L-lysine-coated coverslips, and kept in the dark at 4°C for 10-30 minutes to attach. Naive, T CM , and T EM cells were visualized by fluorescence microscopy and patch clamped immediately. Naive cells were identified in a CD4 + T cell population isolated from controls. T CM and T EM cells were identified in CD4 + MBP-or TT-specific TCLs. In other experiments, CD4 + or CD8 + T cells isolated from the peripheral blood of controls were stained with FITC-conjugated anti-human CCR7 mAb (clone 150503; R&D Systems Inc.) and PE-conjugated anti-human CD45RA mAb. CD4 + or CD8 + naive, T CM , and T EM cells were then visualized by fluorescence microscopy and patch clamped.
Proliferation assay. MBP-specific TCLs and freshly isolated PBMCs were triggered with the identical stimulus (50 ng/ml soluble anti-CD3 mAb). A CD4 + MS patient TCL stimulated three times with MBP, and a CD4 + control TCL stimulated 12 times with MBP were rested for 10 days in 20 U/ml IL-2 after the last antigenic stimulation prior to being reactivated for the proliferation assay. Both of these TCLs comprised primarily T EM cells, as determined by FACS analysis. TCL cells (5 × 10 4 ) were incubated for 72 hours with 5 × 10 4 autologous irradiated PBMCs in complete RPMI medium in 96-well plates, in the presence or absence of anti-CD3 mAb and with or without ShK (Bachem Bioscience Inc.). [ 3 H]TdR (1 µCi/well) was added for the last 16 hours of culture and [ 3 H]TdR incorporation was determined. Background counts in unstimulated (resting) TCLs were below 500 cpm, and maximal counts in anti-CD3 mAb-activated cells (in the absence of ShK) were 20,000-30,000 cpm. The counts in the presence of ShK (the blocker) were normalized to the maximal counts from the same experiment using this formula: (blocker cpm -resting cpm)/(maximal cpm -resting cpm).
PBMCs from three healthy volunteers (1 × 10 5 cells per well) were stimulated with anti-CD3 mAb for 48 hours with or without ShK. One aliquot was pulsed with [ 3 H]TdR for the last 12 hours and [ 3 H]TdR incorporation was measured. The counts in the presence of ShK were determined as above (resting counts below 500 cpm, maximal counts about 30,000 cpm). The second aliquot was washed thoroughly and then rested in medium for 16 hours. Then it was rechallenged for 48 hours with anti-CD3 mAb with or without ShK. During the last 12 hours it was pulsed with [ 3 H]TdR, and then [ 3 H]TdR incorporation was determined. Background counts were below 2,000 cpm for cells that were not reactivated with anti-CD3 mAb, and maximal counts in anti-CD3 mAb-reactivated cells were about 30,000 cpm. Blocker data were normalized as described above. Figure 1a shows Kv1.3 and IKCa1 currents in short-term CD4 + myelin antigen-specific TCLs from an MS patient and a healthy volunteer 48 hours after the third stimulation with MBP. The amplitude of the Kv1.3 current in the patient cell is strikingly greater than in the control cell, while the amplitude of the IKCa1 current is significantly smaller. This reciprocal difference could be due to an alteration in functional expression levels or to a simultaneous change in the properties of both channels. We found that Kv1.3 and IKCa1 channels in patient and control T cells had identical biophysical and pharmacological properties, indicating that the difference in Kv1.3 and IKCa1 current amplitudes is due to a change in functional expression. Kv1.3 currents exhibited "cumulative inactivation," a decrease in current amplitude during repetitive depolarizing pulses applied every second, which is characteristic of this channel (18, 29) . They were also blocked by the peptide inhibitor ShK and its Kv1.3-specific analogue ShK-Dap 22 with the same potency (ShK K d , 9 ± 1 pM; ShK-Dap 22 K d , 64 ± 7 pM) as the cloned Kv1.3 channel (15, 30) . The voltage-dependence, activation and inactivation kinetics, and all other channel parameters were consistent with these currents being solely Kv1.3 (data not shown) (12, 13, 15, 16, 18, 29) . IKCa1 currents were fully activated by the presence of 1 µM cytoplasmic free Ca 2+ , and the amplitude did not increase further at Ca 2+ concentrations of 10 µM and 100 µM (not shown). IKCa1 currents also exhibited slight rectification, and were blocked by the selective IKCa1 inhibitor TRAM-34 with the same potency (K d , 20 ± 5 nM) as the cloned channel (31).
Results
Activated myelin-specific MS patient T cells exhibit a Kv1.3 highIKCa1 low channel phenotype not found in activated myelin-specific control T cells.
We measured Kv1.3 channel number/cell in shortterm myelin-specific CD4 + TCLs from 20 MS patients (Table 1 ) and six healthy volunteers 48 hours after the third antigenic stimulation (Figure 1b) . The majority of TCLs were MBP-specific, although cells from three patients and one control were specific for PLP or MOG. To ensure that only activated cells were studied, we patch clamped cells with membrane capacitances (a measure of the cell's surface area) greater than 4 pF, corresponding to a cell diameter greater than 11 µm, and excluded resting cells with membrane capacitances below 2 pF (diameter less than 7 µm). Corresponding to the increase in Kv1.3 current amplitude, Figure 1b demon- strates that myelin antigen-activated patient T cells expressed significantly higher numbers of Kv1.3 channels/cell (1,489 ± 101 Kv1.3 channels/cell; mean ± SEM, n = 516 cells) than did myelin antigen-activated T cells from healthy controls (568 ± 82; n = 120 cells; P = 0.00004 by Student t test). When normalized for cell size, patient T cells had a threefold higher Kv1.3 channel density than did control cells (2.9 vs. 0.9 Kv1.3 channels/µm 2 surface area). In contrast, IKCa1 levels in patient cells (52 ± 4 IKCa1 channels/cell, 0.1 channels/µm 2 , n = 56 cells) were fourfold lower than in control cells (186 ± 22 IKCa1 channels/cell, 0.4 channels/µm 2 , n = 31 cells, P < 0.00001).
The Kv1.3 high IKCa1 low phenotype of myelin-specific MS patient T cells resembles the pattern seen in chronically activated myelin-specific encephalitogenic rat memory T cells (18, 19) . Earlier studies have reported that quiescent human T cells express 200-400 Kv1.3 and about 10 IKCa1 channels per cell, and following activation upregulate IKCa1 via an AP1-dependent transcriptional mechanism with only a minimal increase in Kv1.3 expression. As expected, myelin-specific control T cells in the present study augmented IKCa1 expression (186 channels/cell) while not significantly increasing Kv1.3 (568 channels/cell) upon activation with myelin antigens. MS patient cells behaved differently, enhancing Kv1.3 levels (1,489 channels/cell) without a substantial increase in IKCa1 levels (52 channels/cell) following myelin-antigen stimulation, suggestive of a changed activation program.
To determine whether augmentation of functional Kv1.3 expression during activation is a general feature of all MS patient cells, we measured Kv1.3 channel numbers following mitogen activation in T cells from eight MS patients who had not begun immunotherapy and returned for clinical visits during the course of the study, and from six healthy controls. T cells were polyclonally activated for 48 hours through the T cell receptor with anti-CD3 mAb or with a combination of the PKC activator PMA and the Ca 2+ ionophore ionomycin (the data for both sets of mitogens are grouped together because they were not different). The right panel of Figure 1b shows that the Kv1.3 channel number/cell in these mitogen-activated patient cells (465 ± 35 Kv1.3 channels/cell, n = 104 cells) was comparable to that in mitogen-activated control T cells (472 ± 40 Kv1.3 channels/cell, n = 95 cells), indicating that patient T cells, like control cells, do not upregulate Kv1.3 following mitogen activation.
As a further test, we measured Kv1.3 channel numbers in T cells from five MS patients specific for three control antigens. GAD65 and insulin peptide are autoantigens implicated in type 1 diabetes mellitus (5, 32, 33) but not MS, and ovalbumin is a common food antigen. Short-term TCLs specific for each of these antigens were generated in exactly the same way as myelin-specific TCLs and cells were patch clamped 48 hours after the third antigenic stimulation. Each data point in Figure 1c represents the Kv1.3 channel number in a single patient T cell; data from all five patients are grouped. The horizontal line in this figure indicates the lower limit (∼1,100 Kv1.3 channels/cell, which represents the mean of 1489 minus three times the SEM value of 101) of Kv1.3 expression in myelin antigen-activated patient T cells. The majority of these patient cells did not enhance Kv1.3 upon activation, with the exception of one GAD65-specific cell (1/94 cells) and nine ovalbumin-specific (9/85) cells. The average Kv1.3 channel number/cell in myelin antigen-activated patient cells (1,489 ± 101 channels/cell) was significantly higher than in patient cells specific for GAD65 (420 ± 21, n = 94 cells, P < 0.00001), insulin peptide (479 ± 41, n = 29 cells, P = 0.00004), or ovalbumin (518 ± 54, n = 85, P = 0.00008). Collectively, the data in Figure 1 indicate that the myelin-specific T cell pool in MS patients differs from patient cells with other antigen specificities and from control cells in augmenting Kv1.3 expression instead of IKCa1 following activation.
Kv1.3 high IKCa1 low patient cells are activated T EM cells.
Since myelin-specific patient cells are reported to exhibit features of chronically stimulated memory T cells (1-4) and the Kv1.3 high IKCa1 low pattern is found in chronically activated rat memory T cells (18, 19) , we suspected that the myelin antigen-activated patient cells with enhanced Kv1.3 expression might belong to a memory subset. In the FACS examples shown in Figure 2a , three distinct populations are seen in both patient and control TCLs based on expression of the chemokine receptor CCR7 and the phosphatase CD45RA; these correspond to naive (CCR7 + CD45RA + ), T CM (CCR7 + CD45RA -), and T EM (CCR7 -CD45RA -) lymphocytes (24, 25) . The majority of lymphocytes in the patient's TCL expressed surface markers of the T EM subset, whereas cells in the control's TCL exhibited markers of naive and T CM subsets (Figure 2a) . These FACS results along with the electrophysiology data in Figure 1 strongly suggest that myelin antigen-activated CD4 + T lymphocytes in the 20 MS patients studied express a novel Kv1.3 high IKCa1 low T EM phenotype.
Repeatedly stimulated control cells acquire the Kv1.3 highIKCa1 low T EM phenotype. We examined whether myelinspecific control T cells, which belong to the naive and T CM subsets (Figure 2a Regression analysis revealed a striking inverse correlation between CCR7 and Kv1.3 expression (Pearson correlation coefficient, -0.87, P < 0.0001) and a direct correlation between CCR7 and IKCa1 expression (Pearson correlation coefficient, 0.85, P = 0.0004). Since control T cells acquired the Kv1.3 high IKCa1 low T EM phenotype only after seven to ten antigenic stimulations, the expression of the identical phenotype in short-term myelin-reactive patient cells is most likely the result of repeated in vivo priming by myelin antigens during disease. Repeated activation in vivo by the food antigen ovalbumin might also account for the small percentage (11%) of ovalbumin-activated patient T cells with the Kv1.3 high pattern (Figure 1c) .
Single-cell confirmation that the Kv1.3 high IKCa1 low channel pattern is a functional marker for CD4 + activated T EM cells.
We confirmed the Kv1.3 high IKCa1 low channel pattern in antigen-activated T EM cells at the single-cell level by staining for CCR7 and CD45RA and patch clamping immunostained naive, T CM , and T EM cells visualized by fluorescence microscopy (Figure 3a) . Activated naive T cells from the peripheral blood of controls were analyzed 48 hours after stimulation with anti-CD3 mAb. Myelin antigen-and TT-activated T CM and T EM cells from the same TCLs were patch clamped 48 hours after the tenth antigenic stimulation.
Fluorescent images of immunostained and patchclamped CD4 + naive, T CM , and T EM cells are shown in Figure 3a . Naive T cells appeared yellow and T CM cells were green following immunostaining for CCR7 (FITC) and CD45RA (PE). T EM cells stained with PE- Figure  3c ). Naive and T CM cells rapidly augmented functional IKCa1 expression following activation (see Figure 6d) ; this IKCa1 upregulation is most likely transcriptional, as has been reported in normal unseparated peripheral blood T cells and occurs as early as 3 hours after T cell receptor triggering (15) . In contrast, activation of T EM cells enhanced Kv1.3 expression without any change in IKCa1 levels. This upregulation is likely to be mediated via the PKC-and calcium-dependent signaling pathways, as we have recently demonstrated in chronically activated encephalitogenic myelinreactive rat memory cells (19) .
CD8 + effector memory cells express the Kv1.3 highIKCa1 low channel phenotype. To determine whether the Kv1.3 high IKCa1 low pattern is a generalized marker for activated T EM cells or whether it is unique to the CD4 + population, we examined Kv1.3 and IKCa1 expression in resting and activated CD8 + T cells. Peripheral blood CD8 + T cells from controls were activated for 48 hours with anti-CD3 mAb, immunostained for CCR7 and CD45RA, and evaluated by FACS and by patch clamping. In the FACS profile shown in Figure 4 , four populations are seen on the basis of CCR7 and CD45RA expression: naive, T CM , T EM , and a fourth CCR7 -CD45RA + population. Typical Kv1. The diagram in Figure 5 summarizes mean channel numbers in naive and memory subsets in CD4 + and CD8 + lymphocytes before and after activation. Resting (unstimulated) cells of all subsets express about 200-400 Kv1.3 channels per cell along with very few IKCa1 channels. Following activation, CD4 + and CD8 + naive and T CM cells upregulate IKCa1 (500-600 IKCa1 channels expressed per cell), while T EM and CCR7 -CD45RA + cells upregulate Kv1.3 (1,500-1,800 Kv1.3 channels expressed per cell). These results clearly demonstrate that the Kv1.3 high IKCa1 low channel phenotype is a specific functional marker for activated T EM cell subsets belonging to both the CD4 + and CD8 + populations.
ShK, a potent inhibitor of Kv1.3, persistently suppresses the proliferation of T EM cells. The availability of highly specific Kv1.3 inhibitors (16-18, 30, 34 ) and the subset-specific expression of the Kv1.3 high IKCa1 low phenotype raise the possibility of selectively suppressing activated T EM cells without affecting naive or T CM cells. We tested this idea with ShK, a 35-AA polypeptide from the sea anemone Stichodactyla helianthus, the most potent known inhibitor of Kv1.3 (16, 30) . ShK blocked Kv1. (Figure 6c ), possibly because these cells rapidly upregulate IKCa1 after stimulation and become less sensitive to Kv1.3 inhibitors (15) . Consistent with this interpretation, peripheral blood T cells activated for 48 hours (to upregulate IKCa1), rested for 12 hours, and then rechallenged with anti-CD3 mAb for a further 48 hours were completely insensitive to ShK (upper arrow in Figure 6c) . Surprisingly, cells that had been suppressed by ShK in the first round of stimulation, when rested and rechallenged with anti-CD3 mAb, were also resistant to ShK (lower arrow in Figure 6c) . A plausible explanation for this result is that ShK, at concentrations that suppress proliferation, cannot prevent the upregulation of IKCa1 during the activation process. To test this idea, we examined the effect of ShK on anti-CD3 mAb-induced upregulation of IKCa1 expression in naive and T CM peripheral blood T cells. IKCa1 channels were virtually undetectable in resting naive cells, and resting T CM cells expressed 20 ± 3 IKCa1 channels/cell (Figure 6d ). Activation produced a dramatic augmentation of IKCa1 expression in both subsets, the mean channel number/cell being 520 ± 76 (n = 16 cells) and 451 ± 54 (n = 13 cells) in activated naive and T CM cells, respectively (Figure 6d ). Kv1.3 expression did not change in either subset (data not shown). Despite not proliferating (Figure 6c ), naive and T CM cells exposed to ShK also increased IKCa1 expression (naive, 237 ± 28 channels/cell, n = 9 cells; T CM , 230 ± 47 channels/cell, n = 9 cells) (Figure 6d) . Although the IKCa1 levels in ShK-treated cells were lower than in activated cells (naive, P = 0.003; T CM , P = 0.006), the channel number was sufficient to promote T cell activation, as evidenced by the normal proliferative response to a second stimulus and by the insensitivity to Kv1.3 blockade (Figure 6c, (15, 16) (Figure 1 and Figure 4) , T EM cells enhanced Kv1.3 levels with a minimal increase in IKCa1 (Figure 1) . The subset-specific channel expression in T EM cells allowed us to selectively suppress the proliferation of T EM cells with a highaffinity Kv1.3 blocker. Activated myelin-specific T cells from MS patients exhibited the Kv1.3 high IKCa1 low T EM phenotype, corroborating earlier reports that these cells exhibit features of chronically stimulated memory T cells (1) (2) (3) (4) . In contrast, patient T cells activated with other antigens (GAD65, insulin peptide, or ovalbumin) or with mitogens did not exhibit this phenotype. The myelin-reactive Kv1.3 high IKCa1 low T EM cells may arise as a consequence of repeated activation by myelin antigens during the disease process and potentially contribute to MS pathogenesis due to their propensity to home to inflamed tissues and secrete copious amounts of inflammatory cytokines such as IFN-γ and TNF-α (24, 25) . In support of this idea, adoptive transfer of Kv1.3 high IKCa1 low memory T cells produces severe EAE in rats, the Kv1.3 levels in these cells correlating with their encephalitogenicity (18, 23, 35) . The Kv1.3 high IKCa1 low pattern is found in activated CD4 + and CD8 + T EM cells, suggesting that it is a functionally relevant marker for both these subsets. At rest, T EM cells express 200-400 Kv1.3 channels with few or no IKCa1 channels, similar to naive and T CM cells (Figure 3c and Figure 5 ). However, activation has significantly different consequences in the three T cell subsets. Activation of naive and T CM cells results in rapid augmentation of functional IKCa1 expression ( Figure 6d) ; this IKCa1 upregulation is most likely transcriptional, as has been reported in normal unseparated peripheral blood T cells, and occurs as early as 3 hours after T cell receptor triggering (15) . In contrast, activation of T EM cells enhances Kv1.3 expression without any change in IKCa1 levels. The differential expression of the two types of K + channels can not only be used as a marker for T EM cells but could also be exploited in a therapeutic strategy that selectively suppresses the proliferation of activated T EM cells with Kv1.3-specific blockers.
ShK, a potent Kv1.3 inhibitor, suppressed proliferation of T EM cells tenfold more effectively than it suppressed proliferation of peripheral blood T cells comprised primarily of naive and T CM cells, because the latter cells, although initially dependent on Kv1.3 channels, escaped Kv1.3 inhibition by rapidly upregulating IKCa1. Upon reactivation, naive and T CM cells with upregulated IKCa1 were resistant to further Kv1.3 blockade (Figure 6c ), consistent with previous reports that preactivated peripheral blood T cells are resistant to Kv1.3 inhibitors and sensitive to IKCa1 inhibitors when reactivated (15) . Thus, IKCa1 rapidly becomes the functionally dominant K + channel in naive and T CM cells during the activation process. In contrast, T EM cells never upregulate IKCa1, and Kv1.3 blockers therefore produce persistent suppression of this T cell subset. These results suggest radically different functional requirements for Kv1.3 and IKCa1 in the three subsets.
Differences in the ratio of IKCa1 and Kv1.3 channel numbers have been reported to contribute to the variability in the amplitude and shape of the Ca 2+ signal in lymphocytes. Ca 2+ may rise transiently or exhibit oscillations or increase in a sustained fashion (36) . Both K + channels provide the counterbalancing cation efflux that maintains calcium influx over the time scale required for gene transcription mediated by nuclear factor of activated T cells (NFAT) and for IL-2 production during T cell activation (37, 38) . In lymphocytes where IKCa1 predominates (e.g., activated naive and T CM cells), calcium entry is tightly coupled to the opening of IKCa1 channels, which results in membrane hyperpolarization and an increased tendency to exhibit an oscillatory Ca 2+ signal in response to T cell receptor triggering (36, (39) (40) (41) . Differences in the Ca 2+ signaling pattern in cells dominated by Kv1.3 (T EM cells) versus IKCa1 (naive and T CM cells) might have important functional consequences, because the functional readout of cells in response to antigenic stimulation is modulated by the shape and nature of the Ca 2+ signal (42, 43) . Kv1.3 might also promote trafficking of T EM cells to inflamed tissues via its reported role in cell adhesion and migration (44, 45) .
Since the majority of myelin-specific MS patient T cells are Kv1.3 high IKCa1 low T EM cells and their proliferation is potently blocked by ShK, a Kv1.3-based therapeutic strategy that specifically targets T EM cells may ameliorate symptoms of MS without significant impairment of the immune response. In support of this therapeutic approach, Kv1.3 blockers prevented lethal adoptive EAE in rats caused by Kv1.3 high IKCa1 low myelin-specific memory rat T cells, and administration of Kv1.3 inhibitors after the onset of symptoms significantly ameliorated disease (18, 23) . No obvious side effects from Kv1.3 blockers were observed in this trial, possibly due to the channel's restricted tissue distribution (16-18, 29, 30, 34) .
Although Kv1.3 blockers would suppress all activated T EM cells, especially cells specific for chronic infectious agents or for vaccine antigens, and potentially be less selective than antigen-specific strategies, they would still have a significant advantage over generalized immunomodulators currently used for therapy. Furthermore, under conditions where epitope spreading (46) occurs (i.e., the expansion and activation of T cells against a multiplicity of myelin antigens during the progression of MS), antigen-specific vaccination strategies may be difficult, and the less selective approach of targeting T EM cells with Kv1.3 blockers might have significant therapeutic value.
An extensive effort by the pharmaceutical industry has yielded several small molecules that inhibit Kv1.3 at nanomolar concentrations, including correolide, sulfimidebenzamidoindanes, phenyloxoazapropylcycloalkanes, and dihydropyrimidines (17, 47, 48) . These are in various stages of development as immunosuppressants. In conclusion, selective Kv1.3 blockers may represent a new therapy for MS and other T cell-mediated autoimmune diseases (e.g., type 1 diabetes mellitus) in which autoreactive memory cells contribute to pathogenesis (5) . The excellent track record of K + channel blockers in the management of epilepsy, stroke, and cardiac arrhythmias enhances the attractiveness of this therapeutic approach.
